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A kind of modiﬁed epoxy resin sheet molding compounds of the impeller has been designed. Through the test, the non-metal impeller has a
better environmental aging performance, but must do the waterproof processing design. In order to improve the stability of the impeller vibration
design, the inﬂuence of uncertainty factors is considered, and a multi-objective robust optimization method is proposed to reduce the weight of
the impeller. Firstly, based on the ﬂuid-structure interaction，the analysis model of the impeller vibration is constructed. Secondly, the optimal
approximate model of the impeller is constructed by using the Latin hypercube and radial basis function, and the ﬁtting and optimization accuracy
of the approximate model is improved by increasing the sample points. Finally, the micro multi-objective genetic algorithm is applied to the
robust optimization of approximate model, and the Monte Carlo simulation and Sobol sampling techniques are used for reliability analysis. By
comparing the results of the deterministic, different sigma levels and different materials, the multi-objective optimization of the SMC molding
impeller can meet the requirements of engineering stability and lightweight. And the effectiveness of the proposed multi-objective robust
optimization method is veriﬁed by the error analysis. After the SMC molding and the robust optimization of the impeller, the optimized rate
reached 42.5%, which greatly improved the economic beneﬁt, and greatly reduce the vibration of the ventilation system.
& 2016 Society of CAD/CAM Engineers. Publishing Services by Elsevier. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The cooling fan of the high speed trains is generally used for
the axial ﬂow, and the blade is the wing type. The impeller is
one of the key parts of the cooling fan system, and its
performance directly determines the quality of the whole
machine. At present, most of the impeller is made of aluminum
alloy or other metal cast. Application of aerofoil impeller made
of the cast aluminum alloy in high speed trains has many
problems. Because of the high density of metal material, the
impeller has a large weight, which leads to the vibration and
noise of the whole air blower in operation. The basic
characteristics of the impeller is low load, light weight
requirements, high output and cost sensitive, so we determine10.1016/j.jcde.2016.01.002
16 Society of CAD/CAM Engineers. Publishing Services by Elsev
mmons.org/licenses/by-nc-nd/4.0/).
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ss: quxiaozhang2001@163.com (X. Qu).the short cut ﬁber molding plastic molding, that is, the
modiﬁed epoxy resin sheet molding compound (SMC) for
technical solution.
For the impeller of the composite material, the tensile
strength can be in accordance with the requirements, and the
lightweight design is mainly to meet the requirements of
vibration. Easy to occur resonance of the impeller structure is
determined by its own working conditions. When the impeller
works, the blade is subjected to the periodic variation force, in
addition to the mechanical vibration force, such as the impeller
imbalance, rotor misalignment and installation, etc., as well as
the aerodynamics，the random vibration and so on. Resonance
occurs when the excitation frequency or frequency multi-
plication is equal or close to the natural frequency of the
impeller. When the resonance occurs, the amplitude of the
impeller will increase sharply, and the stress will also increase,ier. This is an open access article under the CC BY-NC-ND license
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and the aerodynamic performance and noise of the blade also
has a great impact, thus affecting the normal operation of the
high speed train ventilation system. At present, the unsteady
ﬂuid-structure interaction method is used to analyze the
vibration of the impeller [1–10]. The impeller is one of the
main vibration sources of ventilation system because of its
high working speed. Therefore, the lightweight of the impeller
is the main method to reduce the vibration of ventilation
system. Vibration is one of the main parameters in the design
of the impeller. The vibration of the impeller of high speed
train ventilation system should not only meet the requirements
of the resonance, but also meet the requirements of the random
vibration of the track.
In the traditional optimization design, the optimal solution
can be non-feasible due to the neglect of the ﬂuctuation of the
design variables and the noise factor, and the ﬂuctuation of the
objective function may exceed the permissible range of the
prior regulations. In terms of safety coefﬁcient instead of
uncertainty factors easily lead to excessive design or unable to
evaluate the uncertain factors and quantitative design of
security [11–13]. Therefore, in the design stage of the impeller
structure, we should consider the inﬂuence of the design
parameters on the uncertainty factors. Reliability is used as
the constraint condition, and the sensitivity of the target
function to the uncertainty factor is reduced, and the robustness
of the design scheme is improved.
Since the approximate model can greatly reduce the sample
size and improve the working efﬁciency, it is widely used in
engineering. At present, there are many approximate models,
such as polynomial response surface, Kriging model, artiﬁcial
neural network, support vector machine (SVM) model, moving
least squares and radial basis function (RBF) and so on, but
each model has its advantages and limitations. Jin et al. [14]
studied the polynomial response surface, RBF and Kriging in
detail, and the radial basis function has good compromise for
accuracy. Mullur et al. [15] proposed an improved radial basis
model with higher accuracy. Wang [16] proposed the dynamic
approximate model of adaptive response surface method
(ARSM) with good convergence and efﬁciency.
In this paper, the technical scheme of the SMC molding
impeller is put forward, and the environmental aging and water
resistance test are carried out. Based on the radial basis
function and the robustness technology, a method of multi-
objective uncertainty optimization for the impeller vibration is
presented. The paper aims to solve the lightweight design of
the impeller structure and meet the requirements of high
reliability. By constructing the ﬂuid analysis model of ventila-
tion system and the ﬂuid-structure coupling vibration model of
the impeller, the optimization model of the impeller vibration
is constructed. By increasing the sample point, the ﬁtting
accuracy of the radial basis function is improved, and the high
precision approximation model is constructed. The reliability
analysis method of the impeller vibration is used by Monte
Carlo simulation and Sobol sampling technique. In order to
improve the convergence of the optimization, the micro multi-
objective genetic algorithm (μMOGA) developed by Liu et al.[17] is employed to solve the above problem, which has good
efﬁciency, precision and convergence compared with the
traditional genetic algorithm. The method obtains good results
by engineering case analysis, and it can provide reference for
the optimization of such related products.
2. Impeller molding process and material properties
2.1. Molding process
SMC molding method which can be near net size molding is
characterized by high production efﬁciency, and the follow-up
machining operation is almost No. The main core technology
and process of SMC molding for the impeller are as follows:
1) The short cut ﬁber, which is made of glass and cut into 5–
10 mm, is used as the reinforcing material, and is mixed
with the resin matrix.
2) Polystyrene modiﬁed epoxy resin has good rigidity, good
dimensional stability, low water absorption, anti creep and
chemical corrosion resistance, etc. The epoxy resin is
superior to phenol and polyester resin in the heat resistance,
weather resistance and mechanical properties. It can fully
meet the performance requirements of all aspects of the
product.
3) The curing temperature of the resin matrix is 140–160, with
the use of SMC molding technology, and the curing time is
40 min.
Through the above technical requirements and forming
process, the test sample of the impeller is made as shown in
Fig. 1.
2.2. Characterization of material properties
In this study, the sheet molding compound (SMC) material
is applied to the lightweight design of the impeller. The
constitutive relations for the 3D bulk composite are expressed
in the following form:
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It can be expressed by a tensor form:
εij ¼ Sijsij ð2Þ
where εij and sij are the strain tensor and macroscopic stress,
and S is named as ﬂexibility matrix.
The thermal deformation temperature of the composite
materials used in the impeller was tested by the method of
the reference [18], and the thermal deformation temperature
Fig. 1. The test sample for the impeller of SMC molding.
Fig. 2. Curve of bending strength and bending modulus after hot and
humid aging.
Fig. 3. Curve of bending strength and bending modulus after the distilled
water aging.
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high load thermal deformation temperature is related to the
selection of the resin matrix, which is the use of polystyrene
sulﬁde resin matrix material, and it has excellent short-term
heat resistance and long-term thermal stability, and it is one
of the best heat resistance of engineering plastics, and
widely used in aviation, military and other industries. The
impeller for a long time using the temperature below 80 1C,
so the composite material system can meet the requirements
of the use for the product.
In the practical use, the inﬂuence of the environment, such
as temperature, humidity, rain, UV and so on, can reduce the
mechanical properties of the composite materials, so it is very
important to study the properties of the composite materials in
the use of the environment. There are many factors that cause
the aging of composite materials, such as internal and external
factors, and the interaction between them. The aging test of the
composite materials used in the impeller is based on the
method of reference [19]. The material is selected to carry out
the constant damp heat aging and water resistance aging test.
Fig. 2 is a curve of the bending strength and bending modulus
of the accelerated aging test under the condition of temperature
(6072)℃ and humidity (9073)% for 21 days.
Experimental data show that the composite materials in high
temperature and humidity environment after 21 days of
artiﬁcial accelerated aging test. The bending strength and
modulus [20] of the material are still 81% and 86% of the
retention rate, which shows that the composite has excellent
resistance to heat and humidity aging characteristics.
Fig. 3 is a curve of the bending strength and bending
modulus of the accelerated aging test under the condition of
temperature (8072)℃ in the distilled water for 6 days.
Experimental data show that the composite material respec-
tively has 51% and 65% of the bending strength and bending
modulus after 6 days of high temperature distilled water, while
the water absorption rate of the material is 7.18%. In summary,the inﬂuence of water invasion on the properties of the
composite material is relatively large, and it will affect the
life of the material. We should deal with the impeller structure
of the material system to do the waterproof and waterproof
design.
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basis function
3.1. Radial basis function
Radial Basis Functions are a type of neural network
employing a hidden layer of radial units and an output layer
of linear units. RBF networks are characterized by reasonably
fast training and reasonably compact networks [21–24].
The Hardy (1972, 1990) method as described by Kansa
(1999). Let x1;⋯; xNAℜN be a given set of nodes. Let
gi xð Þ  g ‖xxj‖
 
Aℜ, j¼ 1;⋯;N, be a set of any radial
basis functions. Here xxj is the Euclidian distance given by
xxj
 T
xxj
 
Given interpolation values y1;⋯; yNAℜ at
data locations x1;⋯; xNAℜN , RBF interpolant.
F xð Þ ¼
XN
j ¼ 1
ajgj xð ÞþaNþ1 ð3Þ
It is obtained by solving the system of Nþ1 linear equationsXN
j ¼ 1
ajgj xð ÞþaNþ1 ¼ yi; i¼ 1;⋯;N ð4Þ
XN
j ¼ 1
aj ¼ 0 ð5Þ
for Nþ1 unknown expansion coefﬁcients aj.
Hardy (1972, 1990), the primary innovator of the RBF
Method, adds a constant to the expansion and constraints the
sum of the expansion coefﬁcients to zero as seen in Eqs.
(1) and (2), introducing the notation [25–26].
P¼
1
⋮
1
264
375AℜN ; G¼ g1 x1ð Þ ⋯ gN x1ð Þ⋮
gN x1ð Þ gN xNð Þ
264
375AℜNN
H ¼ G P
PT 0
 
Aℜ Nþ1ð Þ Nþ1ð Þ; a¼ a1;⋯; aNþ1ð ÞT and
y¼ y1;⋯; yN ; 0
 T
Aℜ Nþ1ð Þ. We can rewrite the system (Eq.
(2)) in the matrix form as
Ha¼ y ð6Þ
Then the interpolation expansion coefﬁcients are given by
a¼H1y ð7Þ
We can easily ﬁnd the derivatives of the interpolant at the
nodes x1. For example,
F0 xið Þ ¼
XN
j ¼ 1
ajg
0
j xið Þ; i¼ 1;⋯;N ð8Þ
F″ xið Þ ¼
XN
j ¼ 1
ajg″j xið Þ; i¼ 1;⋯;N ð9Þ
Because model physics can vary, a different type of basis
function would be needed to provide a good ﬁt. The response
surface goes through all the given interpolation data.3.2. Multi-objective robust optimization based on approximate
model
The robust optimization objective is to develop a solution
that is insensitive to parameter variations and to achieve the
optimal mean and minimum variation. In the engineering
design, and the six sigma is used to realize the robust design
of structure, which can make the quality of the products
increased several times [27–30]. The expression of typical
multi-objective robust optimization can be described as fol-
lows
min Fm μY Xð Þ;sY Xð Þ
 
gi μY Xð Þ;sY Xð Þ
 
r0
s:t: hi μY Xð Þ;sY Xð Þ
 ¼ 0
XLþ6sXrμXrXU6sX
ð10Þ
where XL;XU are respectively the upper and lower bounds of
the design variables X constraints, where X ¼ x1; x2;ð
⋯; xnÞT ,μX , μY and sX , sY are respectively the mean and
variance of the design variables and the objective response. F
is the objective function. gi，hj are the constraint function. m
is the number of optimization objectives. i; j are the number of
constraint functions. n is the number of design variables.
In order to improve the robust optimization efﬁciency, the
approximate model is used to construct the objective function,
the constraint condition and the response function. The multi-
objective robust optimization function for constructing approx-
imate model can be described as follows
min eFm eμY Xð Þ; esY Xð Þ egi eμY Xð Þ; esY Xð Þ r0
s:t: ehi eμY Xð Þ; esY Xð Þ ¼ 0
XLþ6esXreμXrXU6esX
ð11Þ
The mark “ ” in the Eq. (9) is the approximate model of the
Eq. (8).
In this paper, the reliability analysis is based on Monte Carlo
simulation, which has long been considered to be the most
accurate method to evaluate the probability of the character-
istics, and does not need to know the distribution character-
istics [31–33]. The reliability expression of the approximate
model can be described as follows.
eP ¼ Z eR eg Xð Þ40½ ef X Xð ÞdX ð12Þ
where eR is the characteristic function, which can be described
as follows.
eR eg Xð Þ½  ¼ 1 eg Xð Þ40
0 eg Xð Þr0
(
ð13Þ
Approximate estimates of the reliability can be described as
follows.
eP ¼ e_p ¼ 1
N
XN
i ¼ 1
eR eg _Xi 40  ð14Þ
((
(
(
(
(
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sample. i¼ 1; 2;⋯;N，N is the total number of samples.
Sobol sampling is a sub-random sequence of numbers that
are more uniformly distributed than both simple random and
descriptive sampling [34]. Sobol sequence generates numbers
as binary fractions of appropriate length from a set of special
binary fractions. This technique, like descriptive sampling, is a
variance reduction technique aimed at reducing the variance of
the statistical estimates derived from Monte Carlo simulation
data. The error in an estimate obtained using simple random
sampling decreases at the rate of 1=sqrt Nð Þ, where N is the
number of points; the error with descriptive sampling
decreases at the rate InNð Þ4Q=N, where Q is a problem-
speciﬁc number which is close to the best possible rate of 1=N
for a full factorial sample. Additionally, samples obtained
using Sobol’s sequences exhibit a probability density function
that is closer to the true density function.
In order to improve the reliability and robust optimization
efﬁciency and accuracy, the μMOGA is adopted. The optimi-
zation process is as follows.
1) Construct the initial analysis model and deﬁne the para-
meters for optimization;
2) Latin hypercube method is used in the experimental design,
and the sample points are selected, and the sampling
calculation is performed by using (1).
3) According to the sampling space of ⑵, the radial basis
function is used to construct the static approximate model,
and the error of the approximate model is determined by the
mean, maximum and variance.
4) Construct reliability distribution and response constraints. Set
the interval valued of design variables, reliability and robust
optimization constraints and optimization objective function.
5) The μMOGA is employed to optimize the approximate
model. It is an efﬁcient multi-objective genetic algorithm
with a small population. To classify the population into
different non-dominated levels and keep the diversity in the
population, a non-dominated sorting and a crowded-
comparison approach are employed. The crowded-
comparison procedure is performed in each non-
dominated level by using a crowding distance metric and
each solution in the population is assigned a crowding
distance value. Then each non-dominated level is arranged
in a descending order of magnitude of the crowding
distance values. All solutions from the ﬁrst non-
dominated level form an external elite population. Once
the small population converges, an exploratory operator will
be applied to the external elite population to explore more
non-dominated solutions near the current non-dominated
set, and a restart strategy will be subsequently adopted to
maintain the genetic diversity. The computational procedure
is as follows [17]:
①Randomly generated initial population and external
population.
②Combined evolutionary population and external popula-
tion, and the non-dominated classiﬁcation. According to thenon dominant level for all individuals to re assign the main
ﬁtness, to determine the ﬁtness of the individual.
③If convergence, using restart strategy, randomly generated
a new population, and using the detection operator to produce
two new individuals into the population, turn ②, or ④.
④The individual spacing values were calculated for each of
the non dominant levels, and the ﬁtness of the individual was
assigned according to the calculation results. The greater the
value of the individual with the same main ﬁtness is higher.
⑤Save the non-dominant order of 1 of the individual to the
external population.
⑥When the termination condition is satisﬁed, then stop,
otherwise, turn ⑦.
⑦Genetic manipulation of the evolutionary population, turn
②.
6) A set of optimal Pareto are obtained from the step (5), and
the error of the N optimal solution and the real solution is
obtained. By Eq. (15) to determine whether convergence, if
not satisﬁed, increase the number of sample points, until
meet the accuracy requirements, and update the
approximate model.
 f wð Þi f wð Þi
f wð Þi
rε ð15Þ
where f wð Þ is the optimized forecast value. f wð Þ is the true
value of analysis. ε is error, i¼ 1; 2⋯;N is the choice of the
solution set number.
According to the above method, a multi-objective robust-
ness optimization method can be suggested for the impeller,
and the optimization process is shown in Fig. 4.4. Vibration analysis of the impeller
The equations of motion for the impeller without considera-
tion of the aerodynamic interaction [35] can be described as
follows:
M €uþC _uþKu¼ Fb tð ÞþFc tð Þ ð16Þ
where M is the mass matrix. K is the stiffness matrix, C is the
damping matrix. Fb tð Þ，Fc tð Þ are respectively the generalized
forces acting on the surface and the interior of the impeller. u,
_u and €u are respectively the displacement, velocity and
acceleration.
For incompressible and non-viscous air, the equation of
motion of the air around the blade can be described as follows:
Lf f Lfw Lf i
Lwf Lww Lwi
Lif Liw Lii
8><>:
9>=>;
Pf
Pw
Pi
8><>:
9>=>;¼
Ff
Fw
0
8><>:
9>=>; ð17Þ
where Lij is generalized inertia matrix. Pf is the pressure
component of the free surface of the air. Pw is the pressure
component of the interaction between the air and the surround-
ing solid. Pi is the inertial pressure component of the air. Ff is
the generalized force of the free surface of air. Fw is the
Fig. 4. Flowchart of the robustness optimization.
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surrounding solid.
According to the displacement of the free surface of the air,
the pressure can be described as follows:
Pf ¼ ρguf ð18Þ
where ρ is the air density. g is the acceleration of gravity. Pf is
the air free surface pressure. uf is the displacement of air free
surface.
If Kf f ¼ ρgAf f , and both sides of the formula with
ATf f K
T
f f Af f .The equations obtained after the two differential
equations can be described as follows:
ATf f €uf Mf f €Pf ¼ 0 ð19Þ
Mf f ¼ ATf f KTf f Af f ð20Þ
where Af f is the matrix of the free surface of the air. Mf f is the
mass matrix.
According to the relationship between the generalized
pressure and the displacement of the free surface of the
surrounding air, the simpliﬁed equations of motion for the
air can be described as follows:
Mf f 0
0 0
	 
 €Pf
€Pw
" #
þ
Lf f Lfw
Lwf Lww
" #
Pf
Pw
" #
¼
Ff
Fw
( )
ð21Þ
When the interaction between the blade and air, the relation-
ship between the displacement of the blade and generalized
force of the air surface can be described as follows:
Fw ¼ ATbw €ub ð22Þ
where Abw is the matrix of surface contact.
The generalized force acting on the surface of the blade can
be described as follows
Fb ¼ AbwPWKgub ð23Þ
where Kg is the gravity stiffness matrix.When the fan works, and the centrifugal force of the
impeller is far greater than the gravity, so Kg will be ignored.
By combining the equations of motion of the impeller and the
air, the equations of motion of the ﬂuid solid coupling are
described as follows:
Mf f ATbf 0
Mbbþmbb Mbc
Mcb Mcc
264
375 €Pf€ub
€uc
264
375þ
Lf f 0 0
Af f Kbb Kbc
0 Kcb Kcc
264
375 Pfub
uc
264
375¼ 00
Fc
264
375
ð24Þ5. CFD model
The principle of a high-speed train ventilation system is
shown in Fig. 5, 1 is the air duct, 2 is the drive motor, R is the
impeller, and S is the guide vane.
The ﬂow of the ventilation system is 4.7 m3/s, the impeller
speed is 2920 rpm, the number of the moving blade and guide
vane are respectively 12 and 18, and the ratio of the hub
is 0.75.
In this paper, CFD is used for the analysis of ﬂuid pressure.
The Realizable kε model is used in the ﬂuid calculation of
the ventilation system. The model has been widely used in the
calculation of the ﬂow ﬁeld, which is characterized by the
accurate prediction of the propagation of the ﬂat and cylind-
rical jets, and it has better prediction results for the phenom-
enon of the boundary layer, separation and reﬂux, which
includes the rotation and the large counter pressure gradient.
The transport equation for the turbulent kinetic energy and
dissipation rate can be described as follows: [36–38]
ρ
dk
dt
¼ ∂
∂xi
μþ μt
sk
 
∂k
∂xi
 
þGkþGbρεYM ð25Þ
Fig. 5. Ventilation system principle.
Fig. 6. Unsteady ﬂuid-structure interaction vibration analysis process.
Fig. 7. Design parameter.
Table 1
Variable interval of impeller structure design.
Parameter name Initial Lower bound Upper bound
w1 (mm) 22 6 25
w2 (mm) 22 6 25
w3 (mm) 15 6 25
w4 (mm) 72 65 73
w5 (mm) 72 60 74
w6 (mm) 70 60 75
w7 (mm) 10 5 15
w8 (mm) 10 5 15
w9 (mm) 12 6 12
X. Qu et al. / Journal of Computational Design and Engineering 3 (2016) 179–190 185ρ
dk
dt
¼ ∂
∂xi
μþ μt
sk
 
∂k
∂xi
 
þρC1SερC2 ε
2
kþ ﬃﬃﬃﬃvεp þC1ε εk C3εCb ð26Þ
Where C1 ¼ max 0:43; η= ηþ5ð Þ
 
; η¼ SK=ε. Gk is the
kinetic energy of the mean velocity gradient. Gb is the
turbulent kinetic energy caused by buoyancy. YM is the
inﬂuence of compressible turbulent ﬂuctuations on the total
inﬂation rate. C2 and C1ε are constants; C2 ¼ 1:9, C1ε ¼ 1:44;
sk and sε (sε ¼ 1:0, sε ¼ 1:2) are respectively the turbulent
Prandtl number of turbulent kinetic energy and dissipation rate.
The process of the impeller unsteady ﬂuid-structure interaction
vibration analysis is shown in Fig. 6.6. Optimization model for the impeller
The uncertainty parameters of the impeller mainly include
material and structural parameters. Since the material is
determined, the material constants can not be changed, and
the optimal design variables are mainly structural design
parameters. Fig. 7 displays the main design parameters ofthe hub. According to the requirements of the actual machining
technology and installation, the variable interval values are
shown in Table 1.
Where w1, w2, w3, w5 and w6 are shaping dimensions; w4
and w9 are positioning dimensions; w7 and w8 are the radius.
The material and design parameters are normal distribution,
and the lower bound of the eFi and wi are more than the
6 Sigma level. The mean and the standard difference of eM wð Þ
and eFi wð Þ are both minimized.
The low ﬁrst order frequency eF1 of the impeller has great
inﬂuence on the structure and the high ﬁrst order frequencyeF6 has a great inﬂuence on the noise, therefore, this paper
mainly considers the inﬂuence of the 2 order frequency, and
based on the analysis of the vibration of the impeller and the
Table 2
The constraint conditions of the impeller vibration.
Name eF1 eF6 eF7
Lower 105.1 303.7 911.0
Upper 134.3 841.0 1681.9
Table 3
Fitting error of the approximate model.
Error eF1 eF6 eF 7 M
RMSE 0.00202 0.00968 0.00695 0.00142
MAE 0.00698 0.04596 0.02598 0.0069
RRMSE 0.00352 0.03298 0.02356 0.0087
Fig. 8. Approximate model of the impeller. (a) eF1, (b)eF6, (c) eF7.
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considered as the auxiliary constraint. The constraint con-
ditions of the vibration frequency for the impeller are shown
in Table 2.
After the approximate model is completed, the accuracy of
the model is evaluated, and the feasibility and effectiveness of
the ﬁtting function is ensured. At present, the error analysis
methods of approximate model accuracy mainly have the root
mean square error, the maximum absolute error and relative
root mean square error. Their mathematical functions are
respectively expressed as [39]:
RMSE¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
ntest
Xntest
i ¼ 1
yieyi 2
s
ð27Þ
RRMSE¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
ntest
Xntest
i ¼ 1
yieyi 2=std
s
ð28Þ
MAE¼Max
yieyi ð29Þ
where RMSE is the root mean square error, RRMSE is the
relative root mean square error, and MAE is the maximum
absolute value error. The error of the approximation model is
shown in Table 3.
The eF1, eF6 and eF7 of the impeller can meet the accuracy
requirements of the approximate model. The approximate
model of eF1, eF6 and eF7 has given in Fig. 8.
Finally, the μMOGA algorithm is used to perform multi-
objective optimization based on the RBF approximate model.
The μMOGA parameters are summarized in Table 4.
The optimization accuracy error is within 2%, and the
optimal solution of 5 Pareto is used to analyze the error and
update the sample database and the approximate model.
7. Optimization results and discussion
The deterministic and robust methods were used to the
multi-objective optimization of the impeller vibration. In the
uncertainty analysis, the design parameters are normaldistribution, and the coefﬁcients of variation are 0.01. Fig. 9
has given the Pareto optimal fronts of the deterministic and
different sigma levels for the impeller vibration.
Table 4
Details of the μMOGA parameters.
μMOGA parameter name Values
Population size 5
Variation probability 0.05
Crossing probability 0.6
Restart judgment algebra 5
External population size 100
Fig. 9. Pareto optimal fronts for the deterministic and different sigma levels.
Fig. 10. Pareto optimal fronts for different frequency.
Table 5
Robustness optimized results of the SMC molding impeller.
No. w1 w2 w3 w4 w5 w6 w7
1 10.61 13.45 13.97 69.19 63.51 69.41 13
2 10.11 9.05 13.90 67.66 67.00 74.45 9
3 10.11 6.51 13.89 67.77 67.00 74.45 9
4 10.11 11.23 13.90 69.17 62.85 74.55 6
5 9.75 9.61 14.40 68.48 67.34 61.98 11
6 10.54 6.39 14.49 69.19 63.51 69.41 11
7 10.88 8.16 13.90 69.19 69.35 68.47 9
8 10.09 6.51 14.16 67.90 62.79 74.59 6
9 10.17 6.39 14.49 69.19 63.51 69.41 11
10 9.17 13.12 13.92 68.48 67.38 65.40 10
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the impeller is proportional to the relationship, that is, the mass
is increased, and the frequency is also increased. So the
designers must compromise at the frequency and the mass.
The higher the sigma level, the smaller the probability that the
design variables and the noise factor will violate the constraint
of the uncertainty, and the Pareto solution is more stable. Fig.
10 has given the Pareto optimal fronts for different frequency
and mass of the impeller，and their Pareto optimal fronts has
the same stability.
At present most of the impeller material is made of
aluminum. The impeller of cast aluminum and SMC molding
are respectively multi-objective robust optimization, and the
results are as shown in Fig. 11.
From Fig. 11 can be analyzed, although the Pareto optimal
fronts for the different materials of the impeller have all better
robustness, but aluminum material mass of impeller was
greater than that of the SMC molding, so the SMC molding
of the impeller is more in line with the requirements of
lightweight design.
Table 5 has given the 10 Pareto fronts for the multi-
objective robust optimization of the SMC molding impeller
at the 6- Sigma level.
It can provide a wide range of the possible choice for
engineering designers, in which No.1 is the best optimiza-
tion result. In the scheme 1, the iterative optimizationFig. 11. Pareto optimal fronts for different materials.
w8 w9 M eF1 eF6 eF 7
.25 8.24 8.49 13.32 102.41 785.36 981.85
.35 14.90 7.15 13.89 112.55 767.75 935.51
.29 14.90 8.51 13.66 112.81 757.11 920.08
.76 14.15 10.21 13.59 106.78 761.19 941.97
.15 9.27 8.40 13.30 111.68 767.42 953.28
.46 7.51 9.03 13.42 107.37 765.25 942.27
.46 14.18 6.83 13.54 113.57 818.17 984.49
.86 10.67 8.54 13.45 106.50 750.67 923.27
.48 7.51 9.17 13.36 107.45 759.14 936.37
.54 14.05 7.20 13.61 112.46 762.48 944.84
Table 6
Optimization results of the determination and robustness.
Parameter Determination Robustness (SMC) Robustness (ZL101)
X. Qu et al. / Journal of Computational Design and Engineering 3 (2016) 179–190188results of the low and high ﬁrst order frequency for the
impeller are shown in Fig. 12, where the cross line is the
optimal result.(
Fig. 12. Robust optimization iteration results. (a) eF1, (b) eF6, (c) eF 7.
w1 (mm) 9.26 10.61 11.40
w2 (mm) 9.14 13.45 7.98
w3 (mm) 13.83 13.97 8.43
w4 (mm) 67.22 69.19 67.25
w5 (mm) 61.66 63.51 62.66
w6 (mm) 62.36 69.41 67.15
w7 (mm) 10.44 13.25 7.74
w8 (mm) 14.12 8.24 8.06
w9 (mm) 7.85 8.49 10.29
M (kg) 12.86 13.37 16.35eF1 (Hz) 105.20 108.41 109.58eF6 (Hz) 759.15 785.36 736.70eF7 (Hz) 925.72 981.85 956.98
Table 6 has given the best results of the determination and
robustness for the impeller. As can be seen from the table, the
deterministic and robust optimization results has all achieved
the lightweight design requirements of the impeller. But the
deterministic optimization results are located on the edge of the
design space, which is difﬁcult to meet the requirements of
practical engineering. After the robust optimization, the mass
of aluminum material (ZL101) is greater than that of SMC
molding, lightweight design of which is difﬁcult to meet the
requirements.
As shown in Table 7, the accuracy of the optimal results for
the determination and robustness is veriﬁed by ﬁnite element
simulation. According to the relative error, the accuracy of the
optimal solution is very high, so the proposed multi-objective
robust optimization method is effective.
Comparison of the optimal scheme with robustness optimi-
zation result, the SMC molding impeller optimized mass by
23.15 kg variable for 13.32 kg. The optimized weight is
9.83 kg, and the optimum rate is 42.5%, which greatly improve
the economic beneﬁt of the project, and effectively reduce the
vibration of the high-speed train ventilation cooling system.
8. Test veriﬁcation
The overspeed test is one of the main methods to verify the
strength of the fan impeller. After the robust optimization of
the SMC impeller, the mechanical standard of the impeller is
tested according to the reference [40]. The test result is shown
in Fig. 13.
The deformation rate of the impeller should meet the
requirements of 0:5=1000 before and after the test. After the
test, the impeller can meet the requirements of the
overspeed test.
9. Conclusion1) In this paper, a new type of the SMC molding impeller is
proposed. On the material of the temperature and
humidity of the environment and water resistance
((
(
Table 7
Error of deterministic and robust optimization.
Parameter name Determination Robustness (SMC) Robustness (ZL101)
Simulation value Error (%) Simulation value Error (%) Simulation value Error (%)
M (kg) 12.78 0.63 13.32 0.38 16.39 0.24eF1 (Hz) 104.35 0.81 107.98 0.40 108.92 0.61eF6 (Hz) 756.03 0.41 782.42 0.38 733.92 0.38eF7 (Hz) 920.57 0.56 976.69 0.53 951.56 0.57
Fig. 13. The vibration curve of the impeller overspeed test.
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environment, but the water resistance is poor, so it is
necessary to design the waterproof treatment. This
scheme can satisfy the operating requirements of high
speed train ventilation system.
2) A multi-objective robust optimization method based on the
radial basis function and μMOGA is presented for the
optimization design of the impeller vibration, which can
effectively improve the efﬁciency, accuracy and conver-
gence of the optimization. By increasing the sample points,
the ﬁtting and optimization accuracy of the approximate
model is improved continuously, until the requirements of
the multi-objective optimization accuracy are met. The
Monte Carlo simulation and Sobol sampling technique
can effectively improve the accuracy of reliability analysis.
This method has achieved good results in the optimization
of the impeller vibration.
3) By constructing the ﬂuid-structure interaction model, the
impeller vibration is analyzed.
4) By comparing the results of the deterministic, different
sigma levels and different materials, the multi-objective
optimization of the SMC molding impeller can meet the
requirements of engineering stability and lightweight. And
the effectiveness of the proposed multi-objective robust
optimization method is veriﬁed by the error analysis. After
the SMC molding and the robust optimization of the
impeller, the optimized rate reached 42.5%, which not only
greatly improve the economic beneﬁt, but also can effec-
tively reduce the vibration and improve the stability and
lifetime of the ventilation system.References
[1] H. Hasemann, G. Weser, D. Hagelstein, M. Rautenberg, Investigation of
the solidity and the blade vibration behaviour of unshrouded centrifugal
compressor impellers with different aerodynamic design, in: Proceedings
of the 42nd International Gas Turbine and Aeroengine Congress and
Exhibition of the ASME, ASME-Paper 97-GT 233, Orlando, FL, USA,
2–5 June, 1997.
[2] H. Hasemann, D. Hagelstein, M. Rautenberg, Coupled vibration of
unshrouded centrifugal compressor impellers, part 1: experimental
investigation, in: Proceedings of the 7th International Symposium on
Transport Phenomena and Dynamics of Rotating Machinery, ISROMAC-
7, Honolulu, Hawaii, USA, 22–26 February, vol. C, 1998, pp. 1295–
1305.
[3] D. Hagelstein, H. Hasemann, M. Rautenberg, Coupled vibration of
unshrouded centrifugal compressor impellers, part 2: computation of
vibration behavior. in: Proceedings of the 7th International Symposium
on Transport Phenomena and Dynamics of Rotating Machinery, ISRO-
MAC-7, Honolulu, Hawaii, USA, 22–26 February, vol. C, 1998,
pp. 1306–1317.
[4] H. Hasemann, A. Oberröhrmann, D. Hagelstein, M. Rautenberg, Inves-
tigation of the solidity and the blade vibration behaviour of radial
compressor impellers due to a signiﬁcant reduction of the hyperbolic
undercut in the ﬂankmilling process, in: Proceedings of the Yokohama
International Gas Turbine Congress, Yokohama, Japan, 22–27 October,
1995.
[5] M. Rautenberg, A. Engeda, W. Wittekindt, Mathematical formulation of
blade surfaces in turbomachinery. Part I: theoretical surface formulations,
in: Proceedings of the 34th ASME International Gas Turbine and
Aeroengine Congress and Exposition, ASME-Paper No. 89-GT-160,
Toronto, Ontario, Canada, 4–8 June, 1989.
[6] Guo S, Maruta Y. Experimental investigation on pressure ﬂuctuations and
vibration of the impeller in a centrifugal pump with vaned diffusers.
JSME Int. J. Ser. B 2005;48(1).
[7] Rodrigues C, Egusquiza E, Santos I. Frequencies in the vibration induced
by rotor stator interaction in a centrifugal pump turbine. J. Fluids Eng.
Trans. ASME 2007;129(11)1428–35.
[8] Jiang Y, Yoshimura S, Imai R, Katsura H, Yoshida T, Kato C.
Quantitative evaluation of ﬂow-induced structural vibration and noise
in turbomachinery by full-scale weakly coupled simulation. J. Fluids
Struct. 2007;23:531–44.
[9] Khalifa Atia E, Al-Qutub Amro M, Ben-Mansour Rached. Study of
pressure ﬂuctuations and induced vibration at blade-passing frequencies
of a double volute pump. Arab. J. Sci. Eng. 2011;36(7)1333–45.
[10] Wang J f, Jorge OY, Norbert M. Strength and dynamic characteristics
analyses of wound composite axial impeller. Cent. Eur. J. Eng. 2012;2(1)
104–12.
[11] R.J. Yang, L. Gu, Application of descriptive sampling and meta-modeling
methods for optimal design and robustness of vehicle structures, The 43rd
Structures.
[12] Structural Dynamics and Materials Conference, United States, AIAA,
2002, pp. 1–7.
[13] Maglaras G, Ponslet E, Haftka, RT, et al. Analytical and experimental
comparison of probabilistic and deterministic optimization. AIAA J.
1996;34(7)1512–8.
X. Qu et al. / Journal of Computational Design and Engineering 3 (2016) 179–190190[14] Jin R, Chen W, Simpson TW. Comparative studies of metamodeling
techniques under multiple modeling critieria. Struct. Multidisc. Optim.
2001;23:1–13.
[15] Mullur AA, Messac A. Extended radial basis functions：more ﬂexible
and effective meta-modeling. AIAA J. 2005;43(6)1306–15.
[16] Wang GG. Adaptive response surface method using inherited Latin
hypercube design points. J. Mech. Des. 2003;125(2)210–20.
[17] G.P. Liu, X. Han, A micro multi-objective genetic algorithm for multi-
objective optimizations, in: Proceedings of the Fourth China–Japan–
Korea Joint Symposium on Optimization of Structuraland Mechanical
Systems, Kunming, China, pp. 419-424, 2006.
[18] GB/T 1634.2-2004 Plastics—Determination of temperature of deﬂection
under load—Part 2: Plastics, ebonite and long-ﬁbre-reinforced
composites.
[19] GB/T 2573-2008 Test method for aging properties of glass ﬁber
reinforced plastics.
[20] GB/T 1449-2005 Fibre-reinforced plastic composites-Determination of
ﬂexural properties.
[21] Billings SA, Zheng GL. Radial basis function networks conﬁguration
using genetic algorithms. IEEE Trans. Neural Netw. 1995;8(6)877–90.
[22] Huang DS. Application of generalized radial basis function networks to
recognition of radar targets. Int. J. Pattern Recognit. Artif. Intell. 1999;13
(6)945–62.
[23] Basak J, Mitra S. Feature selection using radial basis function networks.
Neural Comput. Appl. 1999;8(4)297–302.
[24] Jin R, Chen W, Simpson TW. Comparative studies of metamodelling
techniques under multiple modelling criteria. Struct. Multidiscip. Optim.
2001;23(1)1–13.
[25] W.B. Zhao, D.S. Huang, The Structure Optimization of Radial Basis
Probabilistic Neural Networks Based on Genetic Algorithms, in:
WCCI2002 (IJCNN 2002), Hilton Hawaiian Village Hotel, Honolulu,
Hawaii, 2002, pp. 1086–1091.
[26] Queipo NV, Haftka RT, Shyy, W, et al. Surrogate-based analysis
andoptimization. Prog. Aerosp. Sci 2005;41(1)1–28.[27] Sandgren E, Cameron TM. Robust design optimization of structures
through consideration of variation. Comput. Struct. 2002;80(20–21)
1605–13.
[28] Koch PN, Yang RJ, Gu L. Design for six sigma through robust
optimization. Struct. Multi-disc. Optim. 2004;26:235–48.
[29] Li YQ, Cui ZS, Chen, J, et al. Six sigma robustdesign methodology
based on dual response surface model. J. Mech. Strength 2006;28(5)
690–4.
[30] Li TZ, Li GY, Chen, T, et al. Robustness design of occupant restraint
system based on Kriging model. Chin. J. Mech. Eng. 2010;46(22)123–9.
[31] Crowder SV, Moyer R. A two-stage monte carlo approach to the
expression of uncertainty with non-linear measurement equation and
small sample size. Metrologia 2006;43.
[32] Cox MG, Siebert BRL. The use of a Monte Carlo method for evaluating
uncertainty and expanded uncertainty. Metrologia 2006;43:S178–88.
[33] Esward, TJ, et al. A Monte Carlo method for uncertainty evaluation
implemented on a distributed computing system. Metrologia 2007;44.
[34] Ivan D, Rayna G. Monte Carlo method for numerical integration based on
Sobol’s sequences. Numer. Methods Appl. 2011;60(46)50–9.
[35] Wang Y, Tao Z, Du FR, Hao Yong. Response analysis of ﬂuid and solid
coupling characteristics for a wide-chord hollow fan blade. J. Aerosp.
Power 2008;23:2177–83.
[36] T. Cui, W.H. Zhang, Study on safety of trains passing by each other at
high-speed based on ﬂuid-structure interaction vibration, in: Proceedings
of the 1st International Conference on Transportation Information and
Safety (ICTIS2011), Wuhan, China, 2011.
[37] Zhang Q, Toshiaki H. Studies of the strong coupling and weak coupling
methods in FSI analysis. Int. J. Numer. Methods Eng. 2004;60(12)
2013–29.
[38] Hu SL, Lu CJ, He YS. Numerical anslysis of ﬂuid-structual interaction
vibration for plate. J. Shanghai Jiao Tong Univ. 2013;47(10)1487–93.
[39] Goel T, Stander N. Comparing three error criteria for selecting radial
basis function network topology. Comput. Methods Appl. Mech. Eng.
2009;198(27–29)2137–50.
[40] JB/T6445-2005 Overspeed test for industrial fan impeller.
